Mitochondria are target subcellular organelles of ethanol. In this study, the effects of ethanol on protein composition was examined with 2-dimensional electrophoresis of protein extracts from cultured neonatal rat cardiomyocytes exposed to 100 mM ethanol for 24 hours. A putative β subunit of mitochondrial ATP synthase was increased, which was confirmed by Western blot. The cellular protein abundances in the α and β subunits of ATP synthase increased in dose (0, 10, 50, and 100 mM)-and time (0.5 hour and 24 hours)-dependent manners. The DNA microarray analysis of total RNA extract demonstrated that gene expression of the corresponding messenger RNAs of these subunit proteins did not significantly alter due to 24-hour ethanol exposure. Therefore, protein expression of these nuclear-encoded mitochondrial proteins may be regulated at the translational, rather than the transcriptional, level. Alternatively, degradation of these subunit proteins might be decreased. Additionally, cellular ATP content of cardiomyocytes scarcely decreased following 24-hour exposure to any examined concentrations of ethanol.
Introduction
Mitochondria are subcellular organelles targeted by ethanol; giant mitochondria are sometimes observed in the heart and liver after alcohol intake 1, 2 . After abstaining from alcohol, however, most patients with alcoholic cardiomyopathy show improvements of myocardial ultrastructure and of such symptoms as dilated cardiomyopathy 2 . Our previous studies of cultured mouse cardiomyocytes have shown that exposure to ethanol induces the fusion and enlargement of mitochondria and increases their membrane potential 3, 4 , all in a dose-and timedependent manner 5 . In contrast, the mitochondrial membrane potential of rat cardiomyocytes tends to decrease dose-dependently at 24 hours, despite increasing significantly just after the cardiomyocytes are exposure to 100 mM ethanol 6 .
The ultrastructure of giant mitochondria of cultured mouse cardiomyocytes exposed to higher concentrations of ethanol do not appear to be deteriorated or swollen but, instead, appear to contain more cristae than do the mitochondria of alcoholic patients and animals 3, 4 ; the in vivo observation likely deteriorates consequence of secondary humoral and neuronal effects of ethanol 3, 4 . The giant mitochondria observed in cultured cardiomyocytes were speculated to be an adaptive form accompanied by increased mitochondrial proteins in response to ethanol, which is generally believed to inhibit protein synthesis 6 .
In addition, our previous studies have also shown increases in glycogen granules 3 and the production of reactive oxygen species 5 , which indicate ethanol-induced alteration in cellular energy metabolism.
In the present study, we examined whether ethanol induces quantitative variation on myocardial proteins, including mitochondrial proteins. Two-dimensional (2-D) electrophoresis of neonatal rat ventricular cardiomyocytes exposed to 100 mM ethanol have indicated quantitative increases in several kinds of mitochondrial protein; for the present study we selected a ethanol concentration of 100 mM because protein content per cell and mitochondrial membrane potential of the cultured rat cardiomyocytes were most significantly altered for 100 mM ethanol in our previous study 6 . To confirm such 2-D electrophoresis results as increases in protein abundance, we performed Western blot analyses and other analyses related to mitochondrial functions.
Materials and Methods

Culture of Cardiomyocytes and Exposure to Ethanol
Ventricular cardiomyocytes were isolated from neonatal rats by a modification of a previously described method 6 . Briefly, hearts removed from 1-day-old Sprague- 
2-D Gel Electrophoresis
The 2-D electrophoresis was performed as described previously 8, 9 . 
Gene Expression Analysis
The total RNA extract was labeled with 
ATP Assay
Cardiomyocytes cultured in a 96-well plastic plate were exposed to ethanol in 100 μL of 21 mM HEPESbuffered serum-free medium. Cellular ATP content was assayed by detecting luciferin-luciferase chemiluminescence reaction. Twenty-four hours after ethanol exposure was started, the plate was placed at room temperature for 30 minutes. To each well 100 μL of "Cell" ATP Assay In reference to a HEART-2DPAGE website (http:! ! user page.chemie.fu-berlin.de!pleiss! bild1.html) 2 large spot clusters on the upper-left corner of the gel (Fig. 1b) might be inferred to be α-actin and mitochondrial ATP synthase β subunit (ID: 29,181). Similarly, at least one of the other spots (ID: 29,050 and 29,059) might be inferred to be ATP synthase α subunit.
Results
2-D Gel Electrophoresis
Western Blot
Cardiomyocyte protein extracts obtained from the same primary culture in groups of 4 experimental conditions (exposures to 0, 10, 50, and 100 mM ethanol) were separated by SDS-PAGE, and the fluorescent image of the PVDF membrane stained with 3 kinds of fluorescent dyeconjugated primary antibodies for 3 proteins (α subunit Scanned gel fluorescence image was analyzed using ImageMaster TM 2D Platinum software to obtain a cropped image. For many spots IDs were numbered automatically. Spots of α actin ( ) and mitochondrial ATP synthase β subunit ( ) were inferred in reference to a HEART-2DPAGE website (http://userpage.chemie.fu-berlin.de/~pleiss/bild1.html). Similarly, at least 1 of 3 unknown spots ( †) might be inferred to be mitochondrial ATP synthase α subunit. Fig. 2 Representative Western blot of protein extract from cultured rat cardiomyocytes exposed to ethanol (0, 10, 50, and 100 mM) for 24 hours. Western blot was performed with standard sodium dodecylsulphate-polyacrylamide gel electrophoresis. The blotted polyvinylidene difluoride membrane was incubated simultaneously with 3 kinds of fluorescent dye-conjugated primary antibodies for 3 proteins (α subunit and β subunit of mitochondrial ATP synthase and β actin) and detected with Typhoon TM Scanner, and the obtained fluorescent image was quantified with ImageQuant TL software. and β subunit of mitochondrial ATP synthase and β-actin) was obtained (Fig. 2) . Fluorescence intensities of the α and β subunits of mitochondrial ATP synthase were normalized by using that of β actin on the same lane as a reference. (Fig. 3 ).
There were also statistical significances between 10 mM and 100 mM ethanol groups and between 0 mM and 100 mM groups in both subunit protein abundances (Fig. 3) . Cellular ATP content was assayed by detecting luciferin-luciferase chemiluminescence reaction. Normalized values were means and SD of 3 independent experiments. In each experiment an average of chemiluminescence intensity values of each ethanol group was normalized to that of the corresponding control (0 mM) (each group has 3 to 6 intensity values).
Gene Expression Analysis and ATP Assay
Gene expression on DNA microarray of the ATP syn- Table 2) .
Discussion
We performed 2-D electrophoresis to examine how ethanol exposure alters cellular protein abundance in cultured rat cardiomyocytes. This study is novel because standard 2-D electrophoresis isoelectric focusing! SDS-PAGE studies focusing on ethanol effects have exclusively focused on using tissues sampled from animals chronically fed with ethanol: heart 10 12 , liver 12 14 , and kidney 12 .
Following 24-hour exposure to 100 mM ethanol, the putative β subunit of mitochondrial ATP synthase (Complex V) was found to have increased in protein abundance ( Fig. 1) . This observation was confirmed by Western blot, which demonstrated that both the α subunit and β subunit proteins of the ATP synthase increased in a dose-and time-dependent fashion (Fig. 3) . Because ethanol does not increase the proliferation of cultured rat cardiomyocytes 4 , the increase in the subunit proteins is likely a result of an increase in the cellular abundance of these proteins. There is a possibility that giant mitochondria that appear at higher concentrations of ethanol 3, 4 would have more of these subunits than do normal mito- Quantitative alteration of ATP synthase subunits in tissues other than the heart has been found in 5 studies.
Studies with 2-D electrophoresis of liver mitochondria from rats chronically exposed to ethanol have shown the abundances of both the α and β subunits of ATP synthase were decreased 14 or unchanged 13 . Protein abundance of the β subunit of ATP synthase was shown by 2-D electrophoresis to decrease in the skeletal muscle of patients with diabetes 21 . Liquid chromatography-tandem mass spectrometry analysis has shown that in the brains of fetal mice exposed to ethanol for 1 week in utero, the α subunit of ATP synthase was decreased 22 . In cell lines derived from neuroblastoma, kidney, and adipocytes, insulin-like growth factor 1 was shown with Western blot to increase the β subunit of ATP synthase 23 . Taken together with the present study, it appears that the abundance of the α subunit or β subunit or both subunits of ATP synthase is affected by dysfunction in a range of tissues, such as the heart, liver, and brain.
In contrast to the protein abundance measures, the present DNA microarray analysis of cultured cardiomyocytes demonstrated that the corresponding mRNAs of these subunit proteins do not increase but, instead, slightly decrease due to ethanol exposure. Therefore, protein expression of these nuclear-encoded mitochondrial subunits may be regulated to increase, not at a transcriptional level but at a translational level. Alternatively, degradation of these subunit proteins might be decreased 19 . It remains to be established whether either mechanism or both mechanisms are involved in the protein increments of heart ATP synthase subunits.
Despite the dose-dependent increase in protein abundance of the ATP synthase subunits (Fig. 3) , the cellular ATP content of rat cardiomyocytes did not change in any examined concentrations of ethanol ( Table 2) . In other studies, inconsistent results have been obtained for the effects of ethanol on the ATP content of tissues or cells.
In the hearts of dogs and rats chronically fed with ethanol, myocardial ATP content was reported to be decreased 24 26 or unchanged 27, 28 at estimated ethanol concentrations of 10 to 30 mM 29, 30 . Similar findings have been obtained in studies with mitochondria from the liver 31, 32 and brain 33 , where the maximum blood ethanol concentration is presumed to be no more than 30 mM. Similarly, in the liver acutely perfused with ethanol, the ATP content was lowered with about 60 mM of ethanol but not with about 10 mM of ethanol 34 but was shown to decrease with 10 to 70 mM ethanol when evaluated with 31 P nuclear magnetic resonance 35, 36 . Taken together, the ATP content in tissues, such as heart, liver, and brain, may decrease or not be affected by ethanol concentrations of 30 mM or less, but the ATP content appears to be maintained in the heart but not in the liver or brain by ethanol concentrations greater than 30 mM.
Most myocardial ATP is produced by mitochondrial ATP synthase (=Complex V). The effects of ethanol on the enzymatic activity of oligomycin-sensitive ATPase (=Complex V) of the heart have been examined, but inconsistent results have been reported: the activity decreased or was unchanged 25, 37, 38 . The ATPase activity of rat liver mitochondria was decreased after chronic feeding with ethanol 39, 40 . A tissue-specific difference in the enzymatic activity of ATP synthase in ethanol was clearly demonstrated by 2 studies using 3 tissues heart, liver and brain simultaneously obtained from ethanol-fed adult rats 41 and from neonatal rats maternally exposed to ethanol 42 . Significant increases were evident in heart, but decreases occurred in the liver and brain. These tissuespecific differences in enzymatic activity may be a consequence of changes in the protein abundance of ATP synthase.
Clearly, both rat heart 43 and the human heart 44 require much more energy per tissue weight than do the liver and brain for continuing sustained contractions, although the reason for the ethanol-induced discrepancy in abundance of ATP synthase among heart, liver, and brain re-mains to be determined. A possible explanation for the increased abundance of subunit proteins of the heart mitochondrial ATP synthase at ethanol concentrations over 30 mM is either translational upregulation or decreased degradation to maintain ATP production. However, the exact mechanism whereby ethanol increases the 2 subunits of heart mitochondrial ATP synthase remains unclear. Such an increase of the particular protein under deteriorated situations is likely an example of the typical cellular adaptations. In addition, it should be noted that such an adaptive response at protein level does not necessarily arise through upregulation of mRNA transcription.
